Introduction {#s1}
============

*Leymus chinensis* (Trin.) Tzvel. is a perennial rhizome grass of the Poaceae family, which is distributed widely throughout the northern temperate areas of Eurasia [@pone.0105417-Huang1]. *L. chinensis* is cultivated as a major grass forage product for its high protein content, productivity, palatability and nourishment. Additionally, because *L. chinensis* adapts well to drought, saline, alkaline and low temperature conditions, it is cultivated particularly on alkaline land, which means it has an important role to play in the protection of the environment [@pone.0105417-Shu1]. However, the genome sequence of *L. chinensis* has not yet been published, and very little genetic information is publicly available. A few studies have investigated the saline-alkaline tolerance of *L. chinensis* at the molecular level, but no microRNA (miRNA) studies have been reported to date.

miRNAs are non-coding RNAs, approximately 21--26 nucleotides (nt) long, that play crucial roles in the regulation of gene expression in plants [@pone.0105417-Mallory1]. Several plant miRNAs that are involved in stress responses are regulated by abiotic stresses, including drought, high salinity, and low temperatures. For example, the expression levels of rice miR393 change under salinity and alkaline stresses and its putative target genes are related to abiotic stress [@pone.0105417-Gao1], while miR169 plays an essential role in drought resistance in tomato [@pone.0105417-Zhang1]. Additionally, recent studies have shown that a number of other differentially expressed miRNAs are involved in stress regulation [@pone.0105417-Jeong1], [@pone.0105417-Shen1], [@pone.0105417-Kantar1]. Overall, these studies suggest that miRNAs and their target mRNAs play important roles in stress tolerance. It is becoming increasingly evident that miRNAs play an important role in plant development and resistance to biotic as well as abiotic stresses.

Various methods have been used to systematically discover miRNAs in rice, wheat and maize [@pone.0105417-Jin1], [@pone.0105417-Zhu1], [@pone.0105417-Ding1], [@pone.0105417-McCormick1]. To provide further insights into the role of miRNAs in *L. chinensis* tolerance to stress, we analyzed the expression patterns of miRNAs from *L. chinensis* exposed to drought and saline-alkali stresses using Solexa high-throughput sequencing technology and quantitative real time PCR (qRT-PCR). We identified and analyzed 132 known miRNAs and 16 novel miRNA candidates of *L. chinensis*. Fifteen and 19 miRNAs were differentially expressed under saline-alkali and drought stress, respectively, relative to control. These results indicated that these miRNAs were associated with drought, salinity and alkaline stress. We verified variations in the expression profiles of several miRNAs during saline-alkali and drought stresses using qRT-PCR analysis. We report the differential expression of *L. chinensis* miRNAs that may be involved in saline-alkaline and drought stress regulation. This study has important implications for gene regulation in plants under saline-alkaline and drought stress conditions.

Materials and Methods {#s2}
=====================

1. Sample treatment and RNA isolation {#s2a}
-------------------------------------

Seeds of *L. chinensis* (Jisheng No.4 Chinese Wildrye), which has high saline-alkaline and drought resistance, were obtained from the Jilin Province Jisheng Wildrye Excellent Seed Station. The seeds were surface sterilized with 75% ethanol and reared in an artificial climate chamber in Hoagland nutrient solution. The nutrient solution was changed every 2 days. When the "3-leaves" stage was reached, the seedlings were transferred either into Hoagland nutrient solution with 100 mM NaCl and 200 mM NaHCO~3~ to simulate salinity and alkaline stresses or into Hoagland nutrient solution containing 20% polyethylene glycol 2000 (PEG-2000) to simulate drought stress. Some plants were cultivated in Hoagland nutrient solution as a control. The seedlings were treated for 24 h, then frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted with Trizol reagent (Invitrogen, CA, Carlsbad, USA) according to the manufacturer\'s instructions. All the experiments followed a randomized design and were conducted using three replicates of each of the samples.

2. Small RNA sequencing library construction {#s2b}
--------------------------------------------

RNAs less than 30 nucleotides long were selected and purified by 15% denaturing polyacrylamide gel electrophoresis (PAGE). A 5\' chimeric oligonucleotide adaptor primer (5′-pUCGUAUGCCGUCUUCUGCUUGidT-3′) and a 3′ chimeric oligonucleotide adaptor primer (5′-GUUCAGAGUUCUACAGUCCGACGAUC-3′) were ligated to the small RNAs (sRNAs) using T4 RNA ligase and the resulting ligation products were gel purified by 10% PAGE. cDNA libraries were prepared by reverse transcription from the RNA products. The resulting libraries were sequenced on the Solexa Genome Analyzer II platform (Illumina, San Diego, CA, USA) according to the manufacturer\'s instructions. All the short reads were deposited in the National Center for Biotechnology Information (NCBI) and can be accessed in the Short Read Archive (SRA) under the accession number, SRP033396.

3. Bioinformatic analysis {#s2c}
-------------------------

After Solexa sequencing, low-quality reads were removed and the remaining high-quality sRNA reads were filtered to remove low quality tags and adaptor sequences. We called the filtered set of sequences the clean sequences. To identify known miRNAs, the clean sequences were searched against the non-coding RNAs (rRNA, tRNA, snRNA and snoRNA) in the Rfam 9.1 (<http://rfam.janelia.org>) and miRBase 19.0 (<http://www.mirbase.com>) databases using BLASTN with a threshold of at least 95% identity and 90% coverage (E-value ≤1e-5). To identify novel miRNAs, the sRNA reads that had matches in Rfam and miRBase were eliminated and the remaining reads were aligned to the *L. chinensis* mRNA transcript database [@pone.0105417-Sun1] using SOAP 2.20 software (<http://soap.genomics.org.cn>). The SOAP2.2 output was filtered with a precursor tool to separate candidate sequences as miRNA precursors with an anchoring pattern of a block of aligned small RNAs with perfect matches. MIREAP software (<http://sourceforge.net/projects/mireap/>) was then used to identify candidate primary miRNAs on the genome sequence flanking the identified miRNAs. The *L. chinensis* candidate miRNAs that were detected using this approach were named according to miRBase. The RNAfold web server (<http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi>) was used to evaluate whether the predicted primary miRNAs could form suitable hairpin structures. Folding free energies (MFE) were also used to evaluate these candidate novel miRNAs. The number of reads for each identified miRNA was normalized against the total number of reads in the corresponding library to determine the expression level of the miRNA. Next, a Bayesian method was used to evaluate the statistical significance of expression differences between different samples. *P* values ≤0.01 and changes of at least two-fold were used as the threshold to confirm statistical significance. Candidate targets of the known and novel miRNAs were predicted by psRNATarget using *L. chinensis* assembled unigenes (<http://bioinfo3.noble.org/psRNATarget/>). The criteria used for psRNATarget were as follows: sequences were considered to be miRNA targets when the total score was less than four mismatches (a G:U wobble pair was assigned a mismatch score of 0.5). BLASTX searches were performed using the mRNA sequences of the predicted miRNA targets to query the NCBI protein database to predict the functions of potential targets. The COG (clusters of orthologous groups) terms for the target genes were assigned by comparing the NCBI sequences that were obtained against the COG database (<http://www.ncbi.nlm.nih.gov/COG>).

4. miRNA validation and expression analysis by qRT-PCR {#s2d}
------------------------------------------------------

To validate expression levels of miRNAs, qRT-PCR was performed for the candidate *L. chinensis* miRNAs from the three libraries. The forward miRNA primers were designed based on the full-length miRNA sequences, and the reverse primer was the universal reverse primer for miRNAs [@pone.0105417-Chen1]. The primers are listed in [Table S1](#pone.0105417.s002){ref-type="supplementary-material"}. Total RNA (1 µl) in 20 µl reaction volumes was used to synthesize reverse transcripts using a One Step PrimeScript miRNA cDNA Synthesis Kit (Takara, Japan). 5 s rRNA was used as the reference gene. The PCR conditions were as follows: an initial polymerase activation step for 3 min at 94°C, 20 cycles of 15 s at 94°C for denaturation, 20 s at 66°C for annealing, and 60 s at 72°C for elongation.

To validate expression patterns of miRNAs and their targets, qRT-PCR was performed for the predicted unigenes. Primer sequences are given in [Table S2](#pone.0105417.s003){ref-type="supplementary-material"}. The 25 µl reactions contained 2 µl cDNA, 12.5 µl 2× SYBR premix ExTaq (Takara, Japan), and 10 µM of the forward and reverse primers. The thermal cycling conditions were 40 cycles at 95°C for 5 s for denaturation and 60°C for 20 s for annealing and extension.

The amplification reaction was performed using the ABI7300 real-time PCR system (Applied Biosystems, Foster City, CA, USA). To calculate the relative expression of miRNAs and unigenes, the 2^−ΔΔCt^ value was calculated and transformed into fold-change differences.

5. 5\'-RACE validation of target genes {#s2e}
--------------------------------------

To validate the miRNA target genes, rapid amplification of cDNA ends (RACE) assays were performed using a 5′-RACE kit (Takara, Dalian, China) [@pone.0105417-Song1], [@pone.0105417-Zhu2]. Total RNA was treated with tobacco acid pyrophosphatase at 37°C for 1 h. A RNA Oligo adapter was then directly ligated to the treated RNAs and two gene-specific primers were used for RACE ([Table S3](#pone.0105417.s004){ref-type="supplementary-material"}). The PCR products were visualized on agarose gels. Bands were excised and sequenced to determine the 5′ ends of the transcripts.

Results {#s3}
=======

1. Overview of Solexa sequenced sRNA libraries from *L. chinensis* grown under stress {#s3a}
-------------------------------------------------------------------------------------

Solexa sequencing of the *L. chinensis* libraries generated a large number of short reads (10--40 nt long). The control library yielded 15,712,504 unfiltered raw sequence reads, and the saline-alkali and drought libraries yielded 15,076,385 and 14,725,482 raw reads, respectively. After filtering to remove low-quality reads, the control library contained 15,301,799 high-quality reads, and after filtering out the 3′-adapter, 5′-adapter and poly(A) reads, we obtained 14,825,707 clean sequences, which accounted for 96.89% of the high-quality reads. For the stress-induced libraries, we obtained 14,190,211 clean sequences from the saline-alkali library and 13,856,136 clean sequences from the drought library, which accounted for 96.90% and 96.67% of the high-quality reads in the two libraries, respectively ([Table 1](#pone-0105417-t001){ref-type="table"}). Most of the sequence tags varied in length from 19 nt to 30 nt, ([Figure 1A](#pone-0105417-g001){ref-type="fig"}). The overall distribution of the redundant small RNAs are similar in the three samples, with one major peak at 24 nt and another minor peak at 20 nt and 21 nt. While in drought samples, the propotion of 24 nt small RNAs decreased and the 20-nt or 21-nt populations increased to a major peak.

![Length distribution and proportions of various categories of small RNAs in *L. chinensis* in the libraries from control, saline-alkaline and drought treated plants.\
A: Length distribution of reads in the three libraries; B: Categories of small RNAs in *the* three libraries.](pone.0105417.g001){#pone-0105417-g001}
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###### Read quality in the control and stress-induced libraries.

![](pone.0105417.t001){#pone-0105417-t001-1}

                             Control     saline-alkaline stress group   drought stress group
  ------------------------ ------------ ------------------------------ ----------------------
  Raw reads                 15,712,504            15,076,385                 14,725,482
  high quality              15,301,799            14,644,590                 14,332,735
  3′adapter_null             212,414               266,964                    158,349
  insert_null                 4,465                 2,686                      6,507
  5′adapter_contaminants     148,528                21,684                    153,276
  smaller_than_18 nt         108,118               162,419                    155,359
  polyA                       2,567                  626                       3,108
  clean_reads               14,825,707            14,190,211                 13,856,136

In the control library, the 24 nt sRNAs were the most abundant, making up 39.42% of the clean sequences; in the saline-alkali and drought libraries, the 24 nt sRNAs made up 27.22% and 31.48% of the clean sequences, respectively. The 20 nt and 21 nt sRNAs were also abundant, making up 36.02%, 45.58% and 36.85% of the clean sequences in the control, saline-alkali and drought libraries respectively. It is worth noting that 24 nt, 20 nt and 21 nt are typical lengths for miRNAs (16--29 nt). Some 22 nt sRNAs were also present in the control, saline-alkali and drought libraries; however, they made up only 7.92%, 9.05% and 8.69% of the clean sequences, respectively.

There are several kinds of sRNA, including snRNAs, snoRNAs, rRNAs, tRNAs, and miRNAs ([Figure S1](#pone.0105417.s001){ref-type="supplementary-material"}). When all the clean sequences were searched against the GeneBank, Rfam, and miRbase databases, we found that a relatively small proportion of them mapped to known sequences. The unmatched sequences (53--67%) were characterized as unclassified sRNAs. A proportion of the clean sequences, 36.66%, 46.48% and 41.52% from the control, saline-alkali and drought libraries respectively, partially mapped to known non-coding RNA sequences ([Figure 1B](#pone-0105417-g001){ref-type="fig"}) and about 20% of the mapped sequences from each of the libraries were identified as miRNAs. These numbers imply that there was a relatively high abundance of miRNAs in the *L. chinensis* libraries; the unclassified sRNAs may represent either new miRNAs or other classes of non-coding RNAs.

2. Identification of conserved miRNAs expressed under saline--alkaline and drought stress {#s3b}
-----------------------------------------------------------------------------------------

We used the clean sequences to search the miRBase 19.0 database to identify mature miRNAs, miRNA stars (a miRNA star, miRNA\*, denotes an sRNA processed from the hairpin arm opposite the mature miRNA), and precursor miRNAs in the *L. chinensis* libraries. Because known miRNA sequences of *L. chinensis* are scarce, the miRNAs and pre-miRNAs of rice (*Oryza sativa* Linn.) and barley (*Hordeum vulgare*) were used as the reference sequences against which the miRNAs from *L. chinensis* were mapped. We identified 132 unique known miRNAs in the three libraries, which were distributed in 38 conserved miRNA families ([Table S4](#pone.0105417.s005){ref-type="supplementary-material"}). The read counts for the sequences in each of the libraries that mapped to the known miRNAs (reads number shown in [figure 1B](#pone-0105417-g001){ref-type="fig"}) suggested that the sequencing reads were sufficient to support an estimation of the expression levels of the identified miRNAs in the three libraries.

We found some notable quantitative differences for the known miRNAs in the stress-induced libraries. The abundance of the individual miRNAs was calculated relative to the total number of identified miRNA reads in the corresponding library. We detected 13 miRNAs for which the read counts were more than 400,000 in all three libraries. The most abundant miRNAs across the three libraries were members of the miR156 family, including lch-miR156d, lch-miR156g, lch-miR156h and lch-miR156b. Of these, the most abundant was miR156d with 2,039,447 clean sequences in the control library, followed by lch-miR156g, lch-miR156h and lch-miR156b, all with more than 200,000 read counts each. lch-miR156d is one of the most conserved miRNAs having been identified in 12 different species (*Arabidopsis thaliana*, *Selaginella moellendorffii, Zea mays, Sorghum bicolor, O. sativa, Vitis vinifera, Populus trichocarpa, Gossypium hirsutum, Medicago truncatula, Glycine max, Ricinus communis* and *Arabidopsis lyrata*). Similar observations were made for the members of three other miRNA families, miR168, miR166 and miR167. Each family had more than 20,000 clean sequences in each of the three libraries; among them, lch-miR168-5p and lch-miR168a, with more than 400,000 sequences each, were the most abundant. lch-miR168-5p was conserved in *Phaseolus vulgaris* and lch-miR168a was conserved in *Z. mays, S. officinarum, O. sativa, P. trichocarpa, A. lyrata, A. thaliana* and *S. bicolor*. These two high abundance miRNAs were present in similar abundances in all three libraries. The majority of the high abundance miRNAs were differentially expressed in the different libraries. For example, miR166e with more than 56,000 clean sequences was expressed at a high level, while lch-miR166b, lch-miR166c and lch-miR169n, which also showed high expression levels, were expressed in all three libraries. Similarly, lch-miR399a, a highly expressed miRNA, was found in all three libraries. The different abundances of the different members of a miRNA family may suggest that they have varied regulatory roles under the different environmental conditions.

3. Identification of novel miRNA candidates {#s3c}
-------------------------------------------

Because the genome of *L. chinensis* has not yet been sequenced, the identification of novel miRNAs can be a challenge. We used methods previously described to construct a non-redundant database of *L. chinensis* novel miRNA candidates by selecting the most abundant sequence as the representative for each set of similar sequences.

Sixteen novel miRNAs from the three libraries were identified as miRNA candidates ([Table 2](#pone-0105417-t002){ref-type="table"}). These novel miRNAs length ranged from 20 to 23 nt and the lower minimal folding free energy (MFE) ranged from −19.1 to −110.7. These candidate sequences were among the most highly expressed sRNAs in the *L. chinensis* libraries, indicating that they are likely to play a major functional role in the plants\' responses to stress. Based on their abundances and sequences, we found that these novel miRNAs displayed lower expression levels than the majority of miRNAs belonging to known families. The low abundance of the novel miRNAs might suggest specific roles for these miRNAs under the stress conditions.

10.1371/journal.pone.0105417.t002

###### Novel miRNAs predicted from the three *L. chinensis* libraries.

![](pone.0105417.t002){#pone-0105417-t002-2}

  Novel miRNA        miRNA sequence        3p/5p   strand (±)   length (nt)   folding energy (kcal/mol)
  ------------- ------------------------- ------- ------------ ------------- ---------------------------
  lch-MIR-01      TCTTATATTATTGGACGGAGG     3p         \+           21                  −72.5
  lch-MIR-02     AAGTAATTTGAGACGGAGGGAGT    3p         \+           23                 −58.35
  lch-MIR-03     AAAACATCAACAATCGGAACTTA    5p         \-           23                 −31.03
  lch-MIR-04      GTGTGGCGGCATGGGGATGT      3p         \+           20                  −42.1
  lch-MIR-05     TGAGAGTGCGAATACAAGGAGGT    5p         \-           23                  −21.7
  lch-MIR-06      ATTTCTGGACGGAGGGAGTAT     5p         \+           21                  −19.1
  lch-MIR-07     AAGAGTAGCGTTGATACACCGT     5p         \-           22                   −68
  lch-MIR-08      AAGAATTATGGAATGGAGGGA     3p         \-           21                  −56.3
  lch-MIR-09      AAGACAAGTAATTTGGGACGG     3p         \+           21                  −45.5
  lch-MIR-10     CTCTTATTGAATCGCGGTAAAGT    3p         \-           23                  −58.3
  lch-MIR-11      ATGTGTGTGTCTGTGTGTGTA     5p         \-           21                 −110.7
  lch-MIR-12     TTCTTCGACTTGGCCATCTCCC     5p         \+           21                  −61.3
  lch-MIR-13     AATAGGTAGGGATGACAGGATT     5p         \+           22                  −42.5
  lch-MIR-14      GGGACGAGTTGGAAGAGGAAT     3p         \+           21                  −22.5
  lch-MIR-15     AGGCTGTGGAGAGATGGCTGAGT    3p         \-           23                  −26.4
  lch-MIR-16      TTTAGGAACGGAGGAAGTACA     5p         \-           21                  −52.6

4. Different expression patterns of miRNAs under saline--alkaline and drought stress conditions {#s3d}
-----------------------------------------------------------------------------------------------

miRNAs make up a large majority of the *L. chinensis* small RNA libraries when compared with other kinds of sRNA. Some identified miRNAs had more than one million sequencing reads, while others had fewer than one hundred. The most abundant miRNA was miR156. miR156d had 2,039,447 reads in the control library and 2,147,423 and 2,347,874 reads in the saline-alkaline and drought libraries, respectively. This high level of expression correlates with evolutionary conservation [@pone.0105417-LagosQuintana1]. In contrast, some conserved miRNAs, such as miR156l, were found to be expressed at low levels compared with miR156d. It is likely that theses miRNAs have specific expression patterns in *L. chinensis* under stress conditions.

To compare differential expression patterns between control and stressed libraries, standardized treatments of miRNA abundance were performed. The common expression patterns of *L. chinensis* miRNAs under saline-alkaline and drought stress conditions are shown in [Figure 2](#pone-0105417-g002){ref-type="fig"}. miRNA expression varied in response to different stress-inducing conditions. Fifteen miRNAs (lch-miR160f, lch-miR171a, lch-miR171h, lch-miR319a, lch-miR319b, lch-miR390, lch-miR393, lch-miR393b, lch-miR394, lch-miR396c, lch-miR396e-3p, lch-miR396f-3p, lch-miR396g, lch-miR827a, lch-miR827b) were identified as differentially expressed with fold-changes \>2 between control and saline-alkaline libraries (*p* value \<0.1). Fourteen of them were significantly differentially expressed (*p* value \<0.01) (lch-miR394 was not). Nineteen miRNAs were differentially expressed under drought stress with fold-changes \>2 when compared with the control library (*p* value \<0.05); seven of these (lch-miR160a, lch-miR160d, lch-miR160f, lch-miR319a, lch-miR319b, lch-miR394 and lch-miR396f-3p) were significantly differentially expressed (*p* value \<0.01). lch-miR160a differed by a \>8 fold-change between control and drought. The expression profiles of only a minority of the differentially expressed miRNAs were expressed at the same level, suggesting that differential miRNA expression might partly contribute to stress regulation among the various treatments.

![Differentially expressed miRNAs in the stress-induced libraries compared with the control.](pone.0105417.g002){#pone-0105417-g002}

5. Validation of the miRNA expression profiles by qRT-PCR {#s3e}
---------------------------------------------------------

Stem-loop qRT-PCR was used to measure and validate the expression levels of seven randomly selected *L. chinensis* miRNAs (lch-miR160a, lch-miR169f, lch-miR172d, lch-miR319a, lch-miR394, lch-miR396f-3p and lch-miR397a) in the three libraries. The expression levels of these miRNAs measured by qRT-PCR were compared with those obtained by Solexa analyses of the libraries and the two sets of results were consistent ([Figure 3](#pone-0105417-g003){ref-type="fig"}).

![Comparison of the miRNA expression levels determined by Solexa sequencing and qRT-PCR.\
A: Comparison of miRNA expression in the saline-alkali stress sample; B: Comparison of miRNA expression in the drought stress sample.](pone.0105417.g003){#pone-0105417-g003}

6. Predicted targets of the known and novel miRNAs {#s3f}
--------------------------------------------------

Understanding the biological roles of the *L. chinensis* miRNAs requires the identification of their mRNA targets [@pone.0105417-Carlsbecker1], [@pone.0105417-Matts1]. We used psRNATarget to predict the mRNA targets of the conserved and novel ([Table S5](#pone.0105417.s006){ref-type="supplementary-material"}, [Table S6](#pone.0105417.s007){ref-type="supplementary-material"}) miRNAs using assembled transcripts of *L. chinensis*. We used 3.5 as a cut off threshold and found 125 putative targets for 24 conserved miRNA families and 59 targets for 12 novel miRNAs.

The functions of all putative targets were identified by COG analysis ([figure 4](#pone-0105417-g004){ref-type="fig"}). Some of the predicted targets were coproporphyrinogen III oxidase, glutathione S-transferase, ubiquitin-protein ligase, MYB superfamily members, and several NAD-dependent aldehyde dehydrogenases, indicating that these predicted target genes encode a broad range of proteins correlated with metabolic and cellular processes. We also found eight putative targets for conserved miRNAs and one putative target for one of the novel miRNAs involved in abiotic stress regulation. These target genes may be involved with oxidative stress, which can damage cellular structures, in response to water deficit and pathogen attack [@pone.0105417-GriffithsJones1], [@pone.0105417-GriffithsJones2].

![COG functional classification of the miRNA target genes identified in the *L. chinensis* libraries.](pone.0105417.g004){#pone-0105417-g004}

We analyzed the expression of the predicted targets of known *L. chinensis* miRNAs using published transcriptome sequencing data [@pone.0105417-Sun1]. Under saline-alkaline stress, we observed no change in the expression for four predicted targets, GW_c49847, GW_c34555, GW_rep_c87771 and GW_c41075, while 109 predicted targets were up- or down-regulated. Among them, 68 had similar expression patterns to the miRNAs that regulate them ([table S4](#pone.0105417.s005){ref-type="supplementary-material"}, [table S7](#pone.0105417.s008){ref-type="supplementary-material"}). We then analyzed five miRNAs (miR164a, miR172b, miR444a, miR1120 and miR1318) and their predicted targets (from the 68 described above) by qRT-PCR. After considering the miRNA expression patterns, seven target genes showed a moderate increase in expression under both saline--alkaline and drought conditions ([Figure 5A, 5B](#pone-0105417-g005){ref-type="fig"}). Finally, analysis of GW_c13268 by 5′-RACE revealed an mRNA fragment consistent with miRNA-guided cleavage in agreement with previous results obtained for predicted targets of known miRNAs ([Figure 5C](#pone-0105417-g005){ref-type="fig"}).

![Analysis of potential targets in *L. chinensis*.\
A: Characterization of candidate miRNA expression levels under saline-alkali and drought stress by qRT-PCR; B: Comparison of predicted target expression levels under saline-alkali and drought stress by qRT-PCR; C: Cleavage site analysis of GW_13268 by 5′ RACE PCR.](pone.0105417.g005){#pone-0105417-g005}

Discussion {#s4}
==========

Many recent studies have demonstrated that plant miRNAs are involved in environmental stress tolerance [@pone.0105417-JonesRhoades1] and some stress-regulated miRNAs have been shown to be involved in the cell response to abiotic stresses such as salinity, cold and dehydration [@pone.0105417-Zhao1], [@pone.0105417-Sunkar1]. Much attention has been devoted to the identification of components involved in signal transduction pathways, such as abscisic acid signaling, because they are known to participate in responses against the adverse effects of different stresses, such as salinity and drought [@pone.0105417-Zhu3], [@pone.0105417-Seki1]. Stress response-specific miRNAs and some stress-responsive target genes were observed in previous studies [@pone.0105417-Prashanth1], [@pone.0105417-Xu1]; for example, in rice, osa-miR169g was reported to be the only miRNA member of the miR169 family induced by drought [@pone.0105417-Zhao1].

Application of the newly developed high-throughput sequencing technologies has led to the identification of entire sets of miRNAs, which has delivered new insights into the role of miRNAs in plant development, and stress-related regulation. However, until now, little was known about the functions of miRNAs in abiotic stress responses in *L. chinensis*. Here, we identified 132 known miRNAs and 16 novel miRNAs after sequencing and analyzing the sRNAs of *L. chinensis*. Many miRNAs with a wide range of expression levels were found in the control, drought and saline-alkaline libraries. The most abundantly expressed miRNA family across the three libraries was miR156, which includes miR156d, miR156f, miR156h, miR156b ([Table S2](#pone.0105417.s003){ref-type="supplementary-material"}). miR156d, miR156f and miR156h are conserved in many species and they exhibited high expression levels in all three *L. chinensis* libraries. The most abundant was miR156d with 2,039,447 reads in the control library. Some miRNAs were differentially expressed between the two stress-induced libraries ([Figure 2](#pone-0105417-g002){ref-type="fig"}) and nine of them were significantly differentially expressed under the two stress conditions. Under the saline-alkaline stress conditions, four (lch-miR160a, lch-miR160d, lch-miR160f and lch-miR394) were significantly up-regulated with fold-changes \>4 and two (lch-miR319a and lch-miR319b) were significantly down-regulated with fold-changes \>4. lch-miR396f-3p was significantly down-regulated under the drought stress conditions. Previous reports found that members of the miR319 and miR393 families were stress inducible [@pone.0105417-Sunkar2], [@pone.0105417-Wang1], [@pone.0105417-Gupta1]. Therefore, we speculate that miR160, miR319a and miR396f-3p can be involved in a multi-stress response to saline-alkali conditions based on our results, and also to conditions that induce maintenance of the energy supply based on other reports [@pone.0105417-Ding1], [@pone.0105417-JonesRhoades1]. The qRT-PCR results confirmed the up- and down-regulated trends of the differentially expressed miRNAs in the stress-induced libraries ([Figure 3](#pone-0105417-g003){ref-type="fig"}); in particular, lch-miR319a, lch-miR396f-3p and lch-miR397a were predicted to be associated with saline-alkaline and drought stresses.

Because the differential expression of the known miRNAs was less significant, we focused our analyses on the novel miRNAs. Deep sequencing of sRNA transcriptomes yields an incredible amount of data, which can be used to characterize not only known miRNAs, but also novel miRNAs with high accuracy and efficiency. Because the *L. chinensis* genome has not yet been sequenced, we used complex network methods to construct a non-redundant database of miRNA candidates by selecting the most abundant sequences and aligning them with the rice genome sequence. From the three *L. chinensis* sRNA libraries, 16 miRNAs were revealed as candidate novel miRNAs. The most highly expressed sRNAs in *L. chinensis* are likely to have important functional roles in the plant\'s stress response.

In plants, the response to abiotic stresses is complex and involves many biochemical and molecular mechanisms that are regulated mainly through the silencing or regulation of target genes by miRNAs. miRNAs as regulators of target genes have been reported to play major roles in a plant\'s response to abiotic stresses, including dehydration, freezing, salinity, alkalinity [@pone.0105417-Li1], [@pone.0105417-Song2]. The identification of miRNA targets is crucial for understanding the biological effects of miRNAs. The identification of the entire set of miRNAs and their targets from an organism is of fundamental importance for understanding overall gene regulation involving stress responses.

In this study, target genes for miRNAs that were differentially expressed in the three libraries were identified by a search of plant miRNA target sites, which are predominantly located in open reading frames. The predicted miRNA target genes included coproporphyrinogen III oxidase, glutathione S-transferase, ubiquitin-protein ligase, MYB superfamily members, NAD-dependent aldehyde dehydrogenases and genes involved in RNA processing. In *L. chinensis*, these target genes may participate in various aspects of plant development and stress responses. miR159 [@pone.0105417-Zheng1], [@pone.0105417-Reyes1], miR160 [@pone.0105417-Subramanian1], [@pone.0105417-Bazzini1], miR167 [@pone.0105417-Liu1], miR319 [@pone.0105417-Wang1], [@pone.0105417-Spanudakis1], miR393 [@pone.0105417-Gupta1], [@pone.0105417-Windels1], [@pone.0105417-Mao1], [@pone.0105417-Chen2], [@pone.0105417-SiAmmour1] and miR408 [@pone.0105417-Feng1], [@pone.0105417-Mutum1], [@pone.0105417-Zhang2] participate in important and perhaps conserved functions, such as plant growth, development and stress responses. MYB transcription factors regulated by miR159 are involved in the biosynthesis of bioactive compounds, such as ABA [@pone.0105417-Li2]. In this study we identified miR159f, which may target components (ribose 5-phosphate isomerase, FAD/FMN-containing dehydrogenases) that were down-regulated under saline-alkali stress. Together with previous evidence for the targeting of MYB by miR159, these predicted targets may be up-regulated and regulated by the ABA signaling pathway. The results suggest that miRNAs may regulate ABA signaling and other stress response processes. Two miR319 members (miR319a and miR319b) were down-regulated under both saline-alkali and drought stress. miR319 was reported as a positive regulator of cold stress in rice by targeting two genes (PCF6 and TCP 21) [@pone.0105417-Wang1]; however, these targets were not predicted from our *L. chinensis* transcript results. We predicted another two targets of miR319 (GW_rep_c24088/GW_rep_c74568, GW_rep_c58089). miR319 promotes cleavage of GW_rep_c58089 despite having a complementary site within the ORF of its target. Further qRT-PCR analysis revealed that GW_rep_c58089 is up-regulated under drought stress. Because of opposite expression patterns of miR319b and GW_rep_c58089, we suggest that GW_rep_c58089 annotated as ribulose bisphosphate carboxylase small subunit may be another target regulated in saline-alkali and drought stress in *L. chinensis*. Over-expression of miR393 in rice leads to less tolerance to salt and suggests that salt stress may cause decreased TIR1 and AFB2 mRNA degradation or translational repression [@pone.0105417-Xia1]. miR393 is down-regulated under saline-alkali stress in our dataset. The identification of miR393, which we predict to target five unknown proteins ([Table S3](#pone.0105417.s004){ref-type="supplementary-material"}), will be valuable for investigating the function of miRNAs. Further evidence is needed to uncover miRNA functions in the saline-alkali stress response. Although qRT-PCR tested the expression pattern of several miRNAs and their corresponding targets, 5′-RACE PCR identified only one target of miR164a; the other six putative targets were not detected, likely reflecting low abundance and coverage of *L. chinensis* transcripts. The global identification of miRNA target genes will provide useful information to explore the functions of miRNAs in plant biogenesis
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